
Joshua Lederberg, Professor of QenstiCS 
Dsparhent of &met&cs, University of ifiFLscon85.n 

Studfeshavebeoncuntinued ontraneducthnbyphage inSalmoneUa,and 
fna new sys%mb %nEsche~ichia c&L. ThE3 role of the phage seem8 to vary 
from that of a passive motor to an act&m assoc3ation waiti genetic materiaZ 
of the bacterial host* Lysogenhathn thtm appears to be equivalent to the 
transductionofa part&mlarfragmentoft~ bacterialchro~osom,w~ch 
functions as the prophage, 

Reaearch on the sexual process of E. ~033. et;irain K-12 has been advanced 
sy development of mfera;scopic techu%ques for the Isolation of conjugal 

0 

Newme%bdafortha analysis ofdrtxgreeih~~ce are report& 



GENETICS OF BACTERIA 

lI&mxhzction and general notes 

Despite its superfictil. diversity, 'the research program in this laboratory 
cont5m~s to center on the these of reco&S.nafkon mechan%sms in bactsncla, Each 
worker and studsnt 5n the laboratory including the principal investigator is 
respon&ble for his individual problem on th2s theme to t&a mdxmt of his own 
ability. Our present grants (locally administered funds3 National Cancer Insti- 
tuts and Rockefeller Foundation) provide %nditidual salarZ.es, on one harrd, and 
mn~o~ expenses on the other, and there has besn no attempt to segregate ths 
work of the Laboratory into separately administered projects. We have stressed 
a eoapwative approach, not m3.y to help to generaliae our concI.usions on g~notic 
mecMsarr beyond a single orgau5.s~ but for t&s r&ix&as that each special pro- 
ject 3%?QcQivQpP~ For oxample, the techn%que worked out last 

$ 
ar for the pedigree 

analy3is of clones of motile transduct&ons ln~alm0neU.a (1 has now furnIshed 
thy key to th8 &3ofatd.on of CO&I@ pairs in F4dXWichia Co& This organisa- 
tion has its disadvantages when sumnmries are requZ.red for several lines of work 
at different stages of completionr 

1, Lysogenicity and transduction 3.n E, co& [Dr* E. M. Lederberg and Mr. 
M, L, Morse (who is preaentG fmhing hfs Ph;D. dissertation)], 

2. Lysobnicity'a?xI transdhtion ia Sa3.monell.a. [Aleck Bernstiin, M.D. 
Dr. Bernstein is on leave from the British Public Health Labor, 
Serv. to quallfy for a Ph.D. bare, probably in June). 

3. S-II. behavior fn various strains of& COU. c Dr. Em M. Lederberg, 
Dr. Bornskein, Dr. T. C. Nelson (rem- moved to Rutgers univ.) 
DI-, Cavalli, Mra, A. Cavalli, and Helen Byers (MoS,, grad. stud.)2 

4. Conjugation ati pedigree analysisd.n~.ooli. 

5. Meehanim ofdrugret3istance. 

6. &w projects). Gemtic mechanisms in actbarqycetss. 
Ph,D. (Northwsstern); N,R,C.-Lilly fellow, 
and dikaryosfs in yeast. p. E. Wright, 
(Biochemistry Wis.) [-)%a Wright becams Intetisted $.n this topic 
wh%le studying a bioehendcal problem in yeast and shifted his major 
accordd.ngv> Genetic mechanisms i.nAsrobactetium tumefaciens. 
c&h. D. Oosting, MS. Mrs,Gosting~s principalduties arein 
managing the lab.routhe, and sbeis pursningthis problem (with 
collaborative help from Prof. A. J. Riker) in her spare time, when 
she can. She is pr3,msrQy interested in tti biological signif%- 
Cam8 of “star forms", as a basis for more detailed genetic study 
of this organiras 

7. fVis%~ investigators). WQ have enjopd two extended vM.tso In 
the spring, S, D, Rubbo (Professor of Micsoloiology at Melbourne3 
~onwealth Fund support) spent about four months lay%ng the 
grxuxiwork for a study on yeast, Ephrussi has described cyto- 
plasmic mutantswhichhavelosttheirprincipalozddativemetab- 
olism (presumably mitochondrial). We were concerned with efforts 
to restore the lost particles by "infection" ufth mitochondria, 
etc., fmm normal cf3lls. For obvious technical reasons, if 
nothing else, these experimsnts have so far failed, buttbe project 
is continuing in Rubbo's laboratory and, indirectly, in Mr. Wright's 
work hers. 



1, z. coli 
transdui 
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Inthefall,Dr.L.L.CaoaUJ. (Serotherap0Utic Ins&~, 
nilan,arwlU~~~i~ofPafnaa,Italy) spenta shortertLa, 
(with support fram the RoCkefO~8r Foundation). We had formerly 
8nJoyedaneortensive collaboratinbymail, asd tivisitwasan 
opportunity to solidifyourc0ntinu8d cooperation& Bcperinmtal 
studies w8r8 contintmd On efforts to trausmit the 1 faCtOr by 
filM&8salldonan8wtschniqu8 ofindiPectssl8ctAonofresis- 
tant mutants* 

8, CollaborationwithEnaylae Inatituteo Inth COW8 ofearlier stu- 
diesre3.a~~ to ths p~~bl8~ofgm8tiCd8~r~1im3~nOf81U9!BS, 
ithedbeenfaandtbatintta-oellularlactasewasa6t~y~ 
pressed inintactc8U.s ofE, c@ibutcouldbe relsaseaby 
mating the cells withbekkm or otbsr lytic agents (2). Dr. 
Bori8Rotmapha8beenfoll~uptbisfiadirfgo His operaten 
am centered atthsEusynmResearc?hIustituto, butpart of hi8 
salaryaadvariousmaterhl8havk3 beenadminisferedhsr8. H8 
has found thatund8rallciroumstau~sthatrssultinths 
wactivaklouW of lactam, barge amounts of RNA am released into 
tihemediurm,while th88n?sym8l5Ekymmain aasod.at8dwiththe 
baCtSl?i& !Ckm8isalsoagensrsll~cormlatianbetweenth3 aammt 
Of~tbatcanbs~~~daPdtbede~ofactiration, While 
these fixxiinga mggestthatintra~llular~ (possiblyths 
ensym f~~cEhftnigl0)~alsoregulating~cta8eactirl~, 
oth8rpossibilitieshalieuOt beetnrmlsd outk 

In the follawing account,,1 sball. reJy heavily ona pzwious report (1) - 
axxi publications. Thesswillbeihrnishsdonrsqu8st, Th8rmxtsacti0nsm- 
mar%~sprogxwsealcmgsomeoftheUnes titled abarieomrthelasttsu 
months, Thslis&,teanumberofreferaacea tooth8rwofkersis onlyin defer- 
em8 to th8 pkpos8 of this report, 

Inanumb8rofbactoria,msohanisaM hav8bssn found for the transmission 
of fragmnts ofgeneticmatsrialfm~o~y) oallto anothsr,eitheras f~s DNA(?) 
particY.e8in8xtracb,or asadvexWtiou8 inclusions inviru8 parthle8, 
Thiamechni8mof genStiC@BXChas@,prOpOsed ta8l#.aiS~rifFith(8~~ 
fixlings on "pxxmmooc 0~8 transfonnationm as well as our more recentreskLt8 
withSalmomlla(3) ha8beemcalledwtraaeduction~, InthaSalmonella systam 
every gemticmaarkerthat Gouldbe testedwas fotlnd to be capable oftrans- 
duction vU*g8,withcmlya slightquanti4MivevariationPram onsmark8r 
to another. It was therefore4 eei&hd that the baot8rial zlmleus was 889 
santially raadoraly broken in tin3 courm ofpbage lyslt3,and that fPamnt8 
wer8onlyaccid8ntallyincludedinthslua~ phagepartich Theea* 
nrenta are 80 small thatolllya few isolated eXArmpbs of linkage of two 
mark8tiha~be+8nfound, w8 knowVe~littl.0 Of the loaaU5ationof pha 
inlyrioger@c 5hlmcmell.a (as compared to iufonaationonlaaibda inAF,,+i, Y 
butt&ere is nopgesenterideane to contradictthi8 pioture. Itis still 
~sibletbat~A‘a~nt~tisincl\ldsdinapbegeparticle~related 
to the possible site thathapp8usd tob8 oooupiedby thatpbage;butphags 
inducedfraalysogenicc~~of~~llabasths~generallsed 
aotivityas thatobtBinsdbytirh%l infeCtionandl@& 
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etc; concerned with galaCtO8e fermentation) whioh are pw- 
cisely those mar ers that ape closely llnk8d to pro-lambda in lysoge~ic 
bac*ti (!a* Th8 specificity of this transductions together with the find- 
ing thatwlyM.callygrowAw la&dawas paarfyc~~nt,iiatall,sug~ats 
thathereiamors thananaoc3dentalr8latioA8hip of thebact8rialfragment 
tothephagec l'his conclusion was reinforead by tb discovery-of derived 
stocks, the lambda from which will traAaduoe Gal+ to Gal- recipients with 
an 8ff%Ci8AC!y of better t&&A on8 per *n phag8 particlee. The conolusion 
to which we are irr8slstibly led is that tbsl?e is no t?bjective demarcation 
betw8en tba genetic content of ths phage a~d of its host bacterium, that the 
phage &$.eus b8haves in effect a8 if itwere itself a sp8cific tigment of 
the baetWialnucl8ur3, Differentgemeticfactors ofthebacteriamay chow 
a differ%Ltdsgree of relationship to the prophage, wbsn thi8 llefationship 
Is rand.>mp W8 havt3 the 25al.momlla sptcna (it l-8&l- st&ll uncerbiia 
phethq2 inclusion of.,th8 bactex5al fragarent is accidental or 1~3lated to th8 
Fepref'w2tioA of t&J phag8) W&A it i8 qx%?ifie, bnt facult&ive (e,g., CaA 
be kroke~ by crosoina; over , f we hve lib E. coli-lambda sysixsn; when it is 
ob~@&ory, we have Tlyso#mic coAversionsw which So@tiBE!S entan Illbdiii- 
ca%oAS of the bacteriumthatb8arAo obvious r8latioAsbip to a atat of 
3Krus'infection. !&x38 are not a priorisp8culations, aSwebeganthes8 in- 
-estigations with the plausible but evidently incorre#'t working hypothesis 
thatphageswer8 intra-e8U.ula.rparasit8s inhabitingthe cytoplaarm, The 
remarkable integration of the virus with the host AuCl8u8 ten8 us nothing, 
however, oftheultimate o~~ofvfra~s,whether~~ste8sdirectlyFr~ 
bacterial gene fragments,orrh8therlysogenicityis the ultimate perfection 
Ofadirpt&iOA OfaAe~gf3Ao~A3~138it8~ still, tb.88~3Atial differeAceb8- 
tW88A t&se phy~OgeAet%C bypoth8seS is m?8'ly whther 8 virus evolved by 
the abrupt release of a now autonomous cell fragment, or whether there was 
a more gradual parasitic degeneration from a free-living organism to tbs 
same termiAaloutco~, (Compare 6), 

Inaddition to (perhaps inspite of) tbs b8ariAg that the lamb& 
systemhas on these8 spmulative butfundam8ntalproblemps, this tran@uction 
has aped.fic advantages for 8xp8rdne~taf, study. ~sear81)ths eoncur~~8nce1 
6f 88xua1 I?0prodUCfiiOn, allowing auxiliary cross breeding exp8rimeAts; 2) tbs 
very high frequency of transduction that ia possibls fn certain Un8s; 3) the 
fact that, in contrast to WLmqlla, th8 tidiate result of transduction 
is ths establishm8nt of a %8t8rogenicn clove in which th8 fragm8nt persists 
side by Side with its homolagA8 in th8 g8Aotype, Only as a second, later 
occurr8nc8 does segregationoccuqwithorwithourprso8diAg replacement, 
In addition, crossing-over between the Fragrnsnt and tM intact genotype, 
withautredtac~an,~lead~.toderi~d h8teroge~ot8s,mayalsooccur, 
we can alsa study the iAt8ractSons of closely PInLed @aA88 and th8 effect 
oftheirrelative posltio~~ inchromosom and fragnmnt, Atleasttwo 
wposition effecW have b88n found, Le., insta~cea wh8rs Gal+ gene8 at 
different loci are usable to cooperate eff8utively amless thy are in the 
cis arrang8ment, i.e., together ineitherth8 mom8 or %f3 fragment, 
The probably very large Aumber of distinct Gal- nnrtationa (p88udoalleles?) 
and the technical facility of the sgat8m make this unusually favOrable 
material for studies of gsne p$rlsiologyalong theselin8so 

In additfon to th8 role of the genetic constitutioA of the virus, and 
0fotherPfrusea inmix33d infections, th8 host cell hasbeenshow~toplay 
a def5nite part in th8 character of the oirus released by it (7). Dif- 
fezx+nt lines of E, coli have been comparsd, and 3.nter-crossed with results 
supportiAgth3 coAclus%onthata defibita gemtic locus (%pwj Of tim 
bacterial hostdifferentiatesths typ8 ofphage produced. Thi8 locus d,s 
di&.nct from Lp, the attactint site of the prophage (8), 



2,salmaasll;p 
transduction 

Ourmore recentwork on Salmonella transdubtionhas 0nlyr8affir~~dthe 
conclusions already stated (1) without advancing beyond them, It is plann8d 
to ssmhmore systematically foradditiabalmarkers linked to the Flal-Iil 
factors in0rdertomakem0redeci6ive tests of hypotheses 0ntha m8chanissk 
of d8t8rmtitiOA of flagellar antigens (1,9). Some additional pedigrees 
have b88n made on "abortive transductiOnsw (l,lO). The number of trail- 
forming cell8 produced at a single transduction ia sometimes so gr8atas to 
make it Wlikelythatthe trails simplyrepr8sentu~incorp0rat8d framnts. 
Itisnow SUg~Sti8dtbatthSy~iS8 fhntzre tZW3dUCtionOfbundles of 

gene products, Or the formation of the latter after a w8tsrile gene" 
s bsentransd ted Itisnotoboioushouthase hypotheses ca~bedisti~- 

guishedwithOutuadd&iOnal liAk8dmarkerer. 

In ths course of previous studies on W~WWtian of flag8llar anti- 
gem,sOmaticvariationswere 0ccasionallynofed,butt00irr8gularlytobs 
rationalbed as tsansducti~As, Onthsotih13rhand,coneertedeffortst0 
study traA6duction ofth8se antigens haw failed,possiblynotentirelyfor 
technical reamms (1, g. C. Spicer, unpublo). Experiw~ts with S. abOrtu6- 
equiandwithcertai~strai~s of S. t@imuriumnow6ugg8stthatlysogeni~ 
city per 88 mfiy influence ths 8xpm~sion of th3 somatic 5 antigen. The re- 
subs to?!&s are too complex tobe accountedf~rbytransducti~n; thsy 
mm c1088~zWS8mb~, but still donOtagre88ntirelywith, the "ly~~genic 
con~rsi.0116~ reported i~Corynebacteriumdiphthsria8 (11) andinother 
groups of SalmaA8lla (12), 

3.5 COli 
szr 

Studies andiploidswere suamnaris8dpreviOusl.y (1) arxi iaa r8ceAt 
publicaticvn (131, Gt8mpaatiw Stud186 are beingmade On the crossiAgb6- 
haviorofa llumbero~dfffeflentUnea,indludingsame specific serotgpes 
tbnthavebeen~~~tedinepidemiciniantile diarrba, Thiaratbr 
tediouswork hasnotyetrea~apo~tof~~rest,arcepttonote ti 
prevalmce of suchlines. Pr8vious att8mpts teseparateths c~ntagiow 
"F* ag8AtfrCXUy+ba&Wia hWA b88n8xtsnded, 6tillwithOut 8UtC88S. & 
addition to ths original K-12 strain, a number of other F+ straits ham 
beentested to see if theywaulxl yield a&iv8 milli- filtrates orer- 
tracts. !U3 afford.* maxWsn opportunity for recovery, th8 least rigOrOu0 
conditions ofrapid filtrationwere employed;orrs or two false alarms were 
clearlyattributabl~ t0 the penetrationofintactF'+bact8ria. F-bacteria 
have bse~grownacro66amillipor8 filter (stanlard thickne88,0,15mr~) from 
an F+ CUltUXW UitbDuti tZW6mi6S~n Of ths "F agent”. ml8 new evfd8Ihc8 (s88 
below) supports the coAt8ntionthatdireotcellularcontactis required, 8x0 
perinmtntsare inpr~gress to testtha persrsabilityof tqnxial, thin filters 
bly .0lmmthidcne66, cfo 4). 

4. g. coli It was lllentioned pr8vi0wly (1) that single cell isolation methods (15, 
pedi~ andnricromsnipulati0n) uerebei~gapplUdt0the s8archfor zygOtiieproces- 
analysis 668 inK. COli,whichhaW SOf~8rpdsd~batg6A8tiC 6C2Weningmeth0dSo 

Bythsuse ofmorp&logicallydistinctstrairrs,olre a&ire 
sWr(and Bfr),the otbern~n-motilearrl plumper (a&F-,ithasbeen 7 

motile and 

paasibl.8 to rec~gniseandisolate amJugalpairs. Innon-motile cultme8, 
these are almost impossible to ree~gnise and di68nta?@e, especially a6 they 
fall through the droptithe cellmasseSad&~% totb interfacee. Now, 
~poirsare~adilyviaPall~atlarparerbgvirt;psof~ircharacte~ : 
isticdistambed motion. Thsmotilityalso fac3Wiat66 ~leanisol~tion6, 
Thsmorpbologyofthe 6id640-sid8Or 8ide-tO-tdp8OX6W@d0A betmentb 
eonJugant6hs6notyetbeenclarifUd, but is' bit!& SW&t by 8bCttan 
microscopy. The pairs swim about for an hanr or two and thsn disjoin, 
UsuaUy eachkxaonjugant gen8rates a viable clolle;g8aeticrecombi~ants 



havebeen found %A,aad OAlyiA,th8 F- 8%ConjU&3AtCkXl88. Tbatis,th8 
~exco~~tretainsi~identity,whfle t&F-matethrowsamix8d 
clone containingboththe pa~~talF= @notype,anc? IBW combinations. Ths 
incidence of exconjugant clcnres containing detected Wcombinants has been 
zo-30% of the pairs, Thef~quencyofprimarysygote6is probablyhighsr, 
owhg tolo~sesfrm invlabilltyofaubclanes,inte~ted conjugationsand 
sygotesthatdonot fom detected Woanbinant6. 

thhrthe saw conditions, the incidmce of Wcombinants in the who18 
F-population is mderti; ths pairsare fzvquent 8noughtoaccouutforthb 
0bS8rved fIX!~8~Ofr8cOmbiMtion. All inall, there canbe little doubt 
of th8 pertinence ofthase pairs totlve sexualpWc6ss. A limitednumb8rof 
clonal pedigrees, for two to five or six generations, haw been made of the 
exconjugants. Manymare ar8 needed, butitis apparentthata single nucleus 
iromtivs Hprparentf8rtiliaesthsF- cell to form ona diploid eygote,wklle 
ss~ralunf8rtilizednuol6iof fhemultinu&ateF-and m cell.8 persist, 
The diploid sygotenucl8usis ~diatelyreduc8d,butitzquir8s several 
Wu. g8Il8X%&iOnS tOSOrtoUtthe VWiOUS h8terakaryotiC CWlbinatiOAS Of 
parentaland recombinaAtnu&3i, As inviHuallyallothercrosses so far 
reported,aneliminationofa chromosome segment hinders the appearance of 
mdc82% fmm tb Iff? parent ia the wxud @?ogewO PWviousdatafraP 
diploids hUW ShOlUl thEit this d.iTdMtion is poSt=~Oti~, i.e., that the 
&y&l&9 ElUC3ENlS U66 intact. Althoughthesegragationsar6thu6 SW 
biassed infavorofthemark8r6 fraatb F-parent,emh ofths ssveral 
markers ihnu ths~pawnt(nuonpt~mo~tytiraitw~8hmayw~be 
polygenic)ha6appearedin6ane6exualprog8ny. Ii,asisdon8withotber 
tiCI’Ob88 in StU'8tCw th8 cOnCepts~of:..Se~ldifiersntjatiOn, W base our 
definitions on ~tsmcMlity,wewouldb8 jastified indssoribing Bpr 
crilkrrrraasmale(~ac~~~asBndriche~~~te)andtheF-as 
fiearale,inacc~~vith-specltlatiaaathathad~en ~OU64 advanu8d 
OA the baSi8 of dif'feW&ial steriliwtion with StWp@yoi.n (16). 

Inagzwas3ntwithobssrvationsonthe -of @3Im3ticrecaulbi- 
slatioa,pairsbawbeanio\urdabrradantly,iaEtPrxF~ BdXb?SS, 3B66 =@Ww 
in Hfr x Hfk, aad notat all in F- x F-, However, although- Wcombination 
frequencyisverylow, pairs haw also beenseen inF+xF-cultures. Iao- 
lationsf3?anthesepairs hawnotgen8rateddetectabl8 r8Combinants, but 
th8y ar8 associated with a high incidenc8 of colrpersioa from F- to F+ of 
the F- exco.n$qanto 1 al80 haee the iUIpI'W3SiW th'it the08 pairs aZW 3.886 
durable thanin HfrxF-. The- ObS8ZTdiOnS SU~StthStth8IMdlSAiSI8 Of 
Fcon~rsionis alsobasecj ona cell to oellcontactwhichstillleawsthe 
aPatmit& bS6iS Of the p&MaU3nOninobscari~~ 

~WIOUS Stud186 mighthaW b88nexpe~ted tObe C%XI&XS~W, butap- 
isstillconsiderabl8 con&sion0~rexp8rime~talcriteria 

for pX%adaptiW mU+&iontOdrrrgMBiStallC8,i.8.,fOrthS WStPiCtedr0ls 
of a drug as a s8lectlW ag8nt in all cases suffici8ntly studied to date. 
Dr, Ca~~svisitcr6at6d6n~tyto cl8anupsoea8loo68 ends of 
&uria autd ~lbruuk*s early statistical demonstration (17), nas~3l.y to show 
tbatthe~c~~~theJrfoundiar#rmbersofmatants~ane~~to 
another is heritable to a second gaWration of cultures, ati cannot possibly 
be accmw forbyuncontrolledenvironm8~taldiffersno8s as&sh8lwood has 

T4is hadbeenaccomplishsd p~viowly (18)withthb 
belpofametbbd ~rs~~platinguhicb,whilec~nient,dwsnot 
~exactmea6ur6msntof iaoCd,~and clot 6i.666 On*agarplafeS, ItW6 
rea6aaedthatif,byspaortoaeous m%akion, abacterialcalhu'e oflO9c8ll6/ti 



contained, say, lo* resistant mutants per ml, then ttre ratio of resistant 
mutants to total,now lrlO7, could be 5ncreased &m-fold by tak5ng sanples 
of 10-3 nil. as for FEash cultures. Onthe average, these inocula 
will contain oells each, and 0.1 resistant, that is to say, one in ten 
will have a single resistant. This 

3 
rticularcultumwill thereforehave 

a ratio of resistantsr total of It1 ,and canbe detected byquantitative 
assays aiter these aewcultwes have grownup. The same an*mntached& 
can be repeated as often as meded, until pure resistant cultures, never 
havingtbsmselvesbeen in contactwiththe drug,areachieved. The reg3men 
thus outliasdwas quite successfUfor stzepton@.nresistance in% co& 
thoughthe later stages ofemrichnentwere somewhathfndemcedbyselective 
disadvantage of the zwistants in t#w absence of streptany-cin, and by other 
second order effects. 
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